INTRODUCTION {#SEC1}
============

Proteins are important molecules involved in almost all biological processes. The analysis of protein three-dimensional (3D) structures plays important role in understanding the molecular basis of their functions. Comparative modeling is one of the most important computational approaches to predict structures from amino acid sequences. Our previous comparative modeling web tools, (PS)^2^ ([@B1],[@B2]), have been widely used by many studies for proteomic research and have been cited in various journals such as *The American Journal of Human Genetics* ([@B3]), *Human mutation* ([@B4],[@B5]), *BBA Reviews on Cancer* ([@B6]), *Journal of Clinical Microbiology* ([@B7]). Due to many fundamental cellular processes are mediated by protein--protein interactions, the prediction of protein complex structure is more and more important in proteomic studies. Indeed, many comparative modeling tools have been published to build complex structures ([@B8]--[@B15]). However, the predicted complex structures emerge a relevant question: whether individual subunit itself is enough to perform biological function or the whole complex structure is necessary in biological condition. Recently, Chang *et al*. addressed this issue only through comparing packing density and sequence conservation profiles, where only structure coordinates and sequence homologs are required to obtain these two properties ([@B16]).

Previous studies have shown that packing density is correlated with the sequence conservation ([@B17]--[@B20]). Furthermore, Shih *et al*. showed that the reciprocal value of packing density is proportional to the sequence conservation at residue level ([@B20]) and this linear relationship could be explained by a mechanistic model based on statistical physics ([@B21]). Using various methods to calculate packing density and sequence conservation, Yeh *et al*. found that the highest correlation between these two properties occurs when the packing density is estimated by weighted contact number (WCN) ([@B22]) as well as the sequence conservation is estimated by ConSurf ([@B23],[@B24]). In order to obtain positive correlation between packing density and ConSurf profiles, the reciprocal WCN (rWCN) is used in these studies ([@B16],[@B18],[@B20],[@B25]). For the given 3D structures of protein complexes, there are two ways to compute rWCN profile for each protein subunit: one ignores the packing contribution of the other subunits of the complex (denoted by rWCN I) and the other considers packing contribution of the other subunits (denoted by rWCN II). Chang *et al*. showed that rWCN I better agrees with sequence conservation for the set of enzymes whose active sites are located in individual subunits; in contrast, rWCN II better agrees with sequence conservation for the set of enzymes whose active sites comprise catalytic residues from multiple subunits ([@B16]). These findings imply that an individual subunit might be enough to perform biological function when its rWCN I profile better agrees with sequence conservation profile; on the contrary, complex form is preferred in biological condition when rWCN II profile better agrees with sequence conservation profile. As a consequence, Chang *et al*. suggested that comparing packing density and conservation profiles is a novel way of looking at couplings between subunits of a complex by comparing structural and sequence conservation profiles ([@B16]).

Here, we report the updated (PS)^2^ server that automatically predicts protein complex structures from query sequences and shows the coupling between subunits of predicted complex structures based on the findings of Chang *et al*. The updated (PS)^2^ accepts protein sequence in FASTA format and tries to build homologous 3D structures using (PS)^2^ methodology ([@B1],[@B2]), which was previously developed by one of the authors and is based on effective consensus strategy in both template selection and target-template alignment to build homologous structures; afterward, the updated (PS)^2^ provides the packing density profiles calculated by rWCN I and rWCN II ([@B16]) for the predicted structure, as well as provides the sequence conservation profile calculated by ConSurf ([@B23],[@B24]). The correlation coefficients between these structure-derived and sequence-derived profiles give a clue about the degree of coupling among the subunits of the predicted complex structure. Finally, the predicted tertiary structure and the structure-sequence profile comparisons can be visualized and indicated by Java-based 3D graphics viewers. This web server is freely available at <http://ps2v3.life.nctu.edu.tw>.

MATERIALS AND METHODS {#SEC2}
=====================

The workflow of (PS)^2^ is schematically shown in Figure [1](#F1){ref-type="fig"}. One of the new features of the updated (PS)^2^ server is 3D structure prediction for protein complexes. Users can enter two query protein sequences, then the server models 3D complex structure through the (PS)^2^ homology modeling strategies ([@B1],[@B2]). The complex template dataset, consisting of 56547 3D structures, contains all available protein complexes in Protein Data Bank. With the predicted 3D structure and the query sequences, the packing density and the sequence conservation of each residue are respectively calculated by WCN ([@B22]) and ConSurf ([@B24]).

![The schematic workflow of (PS)^2^ version 3.0.](gkv454fig1){#F1}
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The new (PS)^2^ server is built on the basis of the WCN, ConSurf and the original (PS)^2^ systems, where the MODELLER is upgraded to version 9v8 ([@B26]) and Perl scripts are used to integrate the prediction pipeline. The web page is constructed by HTML and PHP. This web server runs on a Linux system with 2.40 GHz Intel Xeon processors consisting of 24 cores. The OpenAstexViewer (<http://openastexviewer.net>) was used for visualization of the predicted models.

WEB SERVER {#SEC3}
==========

Input format {#SEC3-1}
------------

The (PS)^2^ web server accepts two types of input (Figure [2A](#F2){ref-type="fig"}): users could paste protein sequence or upload a sequence file in FASTA format. Furthermore, there are three ways for template selection: (i) our web server automatically selects templates based on the *E*-values from sequence alignments, (ii) users could assign a PDB structure and choose which chains would be used as template, (iii) users could upload their own 3D structure as template. It should be noted that, for the 'prediction for complex', the entered specific template must be a complex structure and the input chain IDs, 'Chain1' and 'Chain2', must be different. For a protein with about 400 amino acids, it costs about 10 min for the template-based structure modeling, packing density calculation with and without the consideration of other subunits, but it costs about 30 min for sequence conservation calculation. For a longer sequence, it may take more than one hour in run time because of the time-consuming calculation for sequence conservation. Therefore, users are encouraged to enter their e-mail addresses so that notification will be sent by e-mail when the submitted job is finished.

![The features of the (PS)^2^ web server: (**A**) Input: users can enter or upload protein sequences in FASTA format. (**B**) Output: users can view the predicted structure in 3D graphics viewer (top-right panel) as well as get the structural and sequence properties for each residue (top-left panel) and can compare the sequence conservation and packing density profiles chain-by-chain (bottom panel).](gkv454fig2){#F2}

Output format {#SEC3-2}
-------------

After the prediction, the updated (PS)^2^ server will return two types of results (Figure [2B](#F2){ref-type="fig"}): (i) if the 3D structure being successfully built, the visualization of its predicted complex structure (Display Structure) will be shown in the right region of the top panel. (ii) The sequence conservation and structure packing density of each residue will be shown in the left region of the top panel, including rWCN I, rWCN II and ConSurf. The server integrates these two types of results for users to easily analyze and view 3D structures and manipulate their orientations in space. If clicked on the check box of the (Label) column of the top-left panel, the selected residues will be labeled in 3D graphics viewer of the top-right panel. The different structure display modes (e.g. Cartoon, Lines, Spheres and Surface) can be visualized together or individually in the 3D graphics viewer for easy analysis. The (PS)^2^ server also allows user to download the predicted structure coordinates in the PDB format.

EXAMPLE ANALYSIS {#SEC4}
================

The alanine racemase (gene name: ALR_BACPS, UniProt ID: Q9S5V6) from *Bacillus psychrosaccharolyticus* catalyzes the alanine racemization between the L and D forms. Based on the phenylhydrazine method of Wada and Snell ([@B27]), the study of Inagaki *et al*. indicated that alanine racemases are dimeric complexes ([@B28]). In order to build ALR_BACPS complex model, the (PS)^2^ server automatically selects the alanine racemase from *Geobacillus stearothermophilus* (PDB ID: 1BD0, chains A and B) ([@B29]) as the template whose sequences are most similar to the query sequence (about 58%) for the whole PDB database. The complex structure predicted by (PS)^2^ server is shown in the top-right panel of Figure [2B](#F2){ref-type="fig"}, while the packing density (both rWCN I and rWCN II) as well as sequence conservation (ConSurf) of each residue are shown in the top-left panel. In order to compare structural and sequence profiles for each subunit, the profiles of rWCN I, rWCN II and ConSurf are shown in the bottom panel chain-by-chain. For each individual chain, the Pearson\'s correlation coefficients for rWCN I-ConSurf and rWCN II-ConSurf are shown in the bottom of the profile comparison figure. Take the profiles of chain A as example, it is clear that rWCN II have better agreement with ConSurf (0.769) than rWCN I (0.498) and this is the same for chain B (0.759 \> 0.486). Based on the findings of Chang *et al*. ([@B16]) and the profile comparisons results, we infer that alanine racemases are dimers in biological condition. This inference is consistent with the experimental results from Inagaki *et al*. ([@B28]).

Figure [3](#F3){ref-type="fig"} shows the predicted complex structure of ALR_BACPS by the (PS)^2^ server. As a result, the left active site consists of Lys41 from chain A and Tyr266 from chain B and so the right active site did it too. Since each active site of alanine racemase consisting of residues from different chains, dimer form is necessary to perform the function. This is consistent with the inference that alanine racemase is dimer based on the method proposed by Chang *et al*. ([@B16]). In summary, this example shows that our (PS)^2^ server not only correctly predicts the protein complex structure but also has the potential to predict biological functional unit.

![The predicted complex structure of alanine racemase (ALR_BACPS) by (PS)^2^ server. Structure models of ALR_BACPS complex are built using sequence homolog (PDB ID: 1BD0, chains A and B) as their templates. The active-site residues Lys41 and Tyr266 are shown in spheres mode.](gkv454fig3){#F3}

CONCLUSION {#SEC5}
==========

Here we present an updated (PS)^2^ web server for predicting complex structures and analyzing these structures by integrating ConSurf, WCN and (PS)^2^ systems. One of the unique features of (PS)^2^ is the integration of packing density and sequence conservation analysis into complex structure prediction, and this integration predicts structures of protein complexes as well as points out that the biological functional unit should be monomeric or complex form. The example demonstrates that the updated (PS)^2^ server is effective for complex structure prediction and provides a new way to look at the coupling between subunits. We believe that the (PS)^2^ server will be useful to general biologists.
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